Abstract. After a brief description of the main experiments dedicated to the study of highenergy cosmic rays, the results of the Auger Observatory on anisotropy, mass composition and energy spectrum are presented and compared to those of the other experiments.
INTRODUCTION
The flux of cosmic rays, shown in Fig.1 as a function of energy, follows approximately a power law E -γ with spectral index γ roughly equal to 3. However, it exhibits interesting features, usually called the "knee" and the "ankle". At the energy of the "knee" (~ 3x10 15 eV) the spectral index changes from approximately 2.7 to 3.1. The "ankle", a kind of undulation around a few 10 18 eV, has been actively studied by recent experiments and will be discussed in the Section on the spectrum.
In the region above 10 19 eV the flux on earth is extremely low, of the order of 1 particle/ km 2 / century. Therefore the study of cosmic rays in this very high-energy region requires detectors with very large acceptance. A comprehensive review of the experimental methods for studying very high-energy cosmic rays and of the earlier observations in this field can be found in ref. 
HIGH-ENERGY COSMIC RAY EXPERIMENTS
In this Section recent experiments dedicated to the detection of cosmic rays in the very high-energy region, above 10 18 eV, are briefly described.
AGASA. The Akeno Giant Air Shower Array [2] , located in Japan at the latitude of about 35 0 N and altitude of 900 m above sea level was in operation from 1990 until 2004. It was the first large surface array detector, designed to measure the front of the cosmic ray showers as they reach ground. Telescope Array (TA). It is being built in Utah. The basic configuration will combine a large scintillator ground array with HiRes type fluorescence telescopes.
AUGER.
Two Observatories, one in the Northern and one in the Southern hemisphere are foreseen in the Auger project, to achieve a full exploration of the sky. The Southern Auger Observatory [4] is located near the small town of Malargüe in the province of Mendoza (Argentina) at the latitude of about 35 0 S and altitude of 1400 above see level. The region is flat, with very low population density and favorable atmospheric conditions. The Observatory is a hybrid system, a combination of a large surface array and a fluorescence detector.
The surface detector (SD) is a large array of 1600 water Cherenkov counters spaced at a distance of 1.5 km and covering a total area of 3000 km 2 . Each counter is a plastic tank of cylindrical shape with size 10 m 2 x 1.2 m filled with purified water. Technical details of a tank are given in Fig.2 The Northern Auger Observatory which is now being designed will be located in Colorado (USA). We notice that the present Auger Observatory is the only detector exploring the Southern hemisphere. The other experiments, either finished (AGASA, HiRes) or in preparation (Telescope Array) are in the Northern hemisphere. The Telescope Array will tend to work at energies lower than those of the other experiments. 
ANISOTROPY STUDIES
The identification of the sources of high-energy cosmic rays has been a great challenge. The region of the Galactic centre is an obvious and interesting place to look for localized excess of cosmic rays at EeV energies. Observation of an excess from the region of the Galactic centre at the level of 4.5 σ , in the energy region 1.0 -2.5 EeV and with angular scale of 20 0 , was reported by AGASA [5] .
The Auger Observatory is suitable for this study because the Galactic centre (constellation of Sagittarius), lies well in the field of view of the experiment. The angular resolution of the SD of Auger depends on the number of tanks activated by the shower and it is better than one degree at high-energy. Some of the Auger results [6] on the observed and the expected number of events in the direction of the Galactic centre are shown in Table 1 and 2. Clearly in the Auger data there is no indication of a statistically significant excess in the direction of the Galactic centre.
THE MASS COMPOSITION
The most direct method for studying the mass composition is based on the measurement of the longitudinal profile of the showers. It is well known that for a given energy protons are more penetrating than light/medium nuclei which interact essentially as a collection of nucleons. The depth of the maximum of the observed shower profile X max , as measured by the fluorescence telescopes, is well correlated with the particle mass. The principle of the method is indicated in Fig.3 . X max A compilation of earlier data on X max for energies above 10 14 eV is shown in Fig.4 where expectations from simulation programs are also given for Fe nuclei, protons and photons. The value of X max for protons is about 100 g cm -2 larger than for iron. These earlier data indicate that above the knee the average mass becomes heavier approaching iron. However, above 10 18 eV the trend of these data seems to suggest a change of regime towards proton dominance. Recent data by Auger [7] are presented in Fig. 5 and compared to previous results from Fly's Eye and HiRes. The fluorescence detector of Auger measures X max with systematic uncertainty less than 15 g cm -2 . A comparison of the Auger data to the predictions of various simulation programs is shown in Fig. 6 . In spite of the still low statistics, the data indicate some change of regime at 2-3 EeV where the slope (elongation rate) changes. At the highest energies the trend is intermediate between protons and Fe nuclei with a mean mass number of about 5. 
THE ENERGY SPECTRUM
An important feature of the spectrum in the energy region above 10 19 eV is the mechanism suggested by Greisen, Zatsepin and Kuzmin, known as GZK cutoff and due to the interactions of the cosmic rays with the low energy photons of the Cosmic Microwave Background. Protons with energy above the threshold for photoproduction of pions (~ 4x10 19 eV) will lose energy as they travel in space. The value of the energy where an integral power-law spectrum would be reduced to one half is 5.3x10
19 eV [8] . The energy loss per interaction is about 15 -20 %. At ~ 5x10
19 eV most of the observed particles must have come from sources within 100 Mpc. Production of electron-positron pairs is also present but it is less effective than photo-pion production. However, this process is expected [8] to be responsible for a feature related to the so-called "ankle", a shallow minimum (or "dip") in the plot of the flux times E 3 which is centered at energies of a few 10 18 eV. In the past there was a controversy on the actual presence of the suppression due to the GZK cutoff. The AGASA data did not show a suppression, contrary to the preliminary data of HiRes. The experimental situation is now clarified by the final data of HiRes [9] , shown in Fig. 7 and by the data of Auger. The HiRes data clearly show a steepening of the spectrum above 10
19. 6 eV with a fitted value of the spectral index γ = 5.1 ± 0.7. The steepening agrees with expectations from GZK cutoff. to the earlier AGASA data. The steepening due to the GZK cutoff is clearly seen. In addition the shallow minimum centered around 10 18.6 eV is also evident.
The method used by Auger to measure the energy spectrum exploits the hybrid nature of the experiment with the aim of using the data itself rather than simulations. For each event the tanks of the SD measure the particle density expressed in units of VEM (Vertical Equivalent Muons) and the times of arrival which are used to determine the axis of the shower. The dependence of the particle density on the distance from the shower axis is fitted by a lateral distribution function (LDF). An example is shown in Fig.8 . The LDF fit allows determining the particle density S(1000), expressed in units of VEM at the distance of 1000 m from the axis. This quantity is a good energy estimator [10] in the sense that it is strongly correlated with the energy of the cosmic ray and almost independent of the mass. The energy estimator S(1000) depends on the zenith angle because the effective atmosphere thickness seen by showers before reaching ground changes with the zenith angle. The value of S(1000) corresponding to the median zenith angle of 38 0 is used as reference and the zenith angle dependence of the energy estimator is determined assuming that the arrival directions are isotropically distributed. This procedure is traditionally called "Constant intensity cut".
The absolute calibration of S(1000) is derived from the hybrid events using the calorimetric energy measured by the FD which is then corrected for the missing energy using the mean value between proton and iron (uncertainty about 4% at 10 19 eV). This absolute calibration, which defines the energy scale, is at present affected by a systematic error of about ± 20%, mainly due to uncertainties on the fluorescence yield and on the calibration of the FD telescopes.
The energy calibration, obtained from the subset of hybrid events (see Fig.9 ) is then used for the full set of events with higher statistics measured by the SD. establish the absolute calibration of the energy estimator S as shown in the left panel.
The fitted line corresponds to E FD = K x S B with B= 1.10 ± 0.02
. Calibration of the energy estimator S(1000) using the energy from the FD.
Three different measurements of the energy spectra were obtained by the Auger Collaboration as explained in detail in ref.
11. The SD "vertical" spectrum is for zenith angle θ < 60 0 the SD "inclined" is for 60 0 < θ < 80 0 . The SD spectra starts at the energy of 3x10 18 eV where the efficiency goes to a plateau. The hybrid spectrum refers to FD events with at least one SD tank and starts at a lower energy (10 18 eV). The three spectra are consistent within statistics, as shown in Fig.10 and therefore were combined in a single spectrum which is presented in Fig.11 . The "ankle", a barely noticeable undulation in Fig.11 , appears as a clear shallow minimum in Fig.10 with shape and position similar to the predictions of ref. 8 . Above ~10 19.6 eV, the steepening expected from the GZK mechanism is also evident. The structures present in the Auger spectrum are better analysed by taking the relative difference of the data with respect to the reference form J s = A E -2. 6 . The result is presented in Fig.12 . Numerical values of the spectral index γ are given in Table 3 .
FIGURE 12. The relative difference of the Auger energy spectrum with respect to the form E -2.6 . The vertical dashed lines separate the energy intervals where power law fits are made. Table 3 . Numerical values of the spectral index γ of the power law fits in the different energy intervals. The energy values E ankle and E GZK correspond to the position of the breaks.
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